Abstract: Morphine exhibits important pharmacological effects for which it has been used in medical practice for quite a long time. However, it has a high addictive potential and can be abused. Long-term use of this drug can be connected with some pathological consequences including neurotoxicity and neuronal dysfunction, hepatotoxicity, kidney dysfunction, oxidative stress and apoptosis. Therefore, most studies examining the impact of morphine have been aimed at determining the effects induced by chronic morphine exposure in the brain, liver, cardiovascular system and macrophages. It appears that different tissues may respond to morphine diversely and are distinctly susceptible to oxidative stress and subsequent oxidative damage of biomolecules. Importantly, production of reactive oxygen/nitrogen species induced by morphine, which have been observed under different experimental conditions, can contribute to some pathological processes, degenerative diseases and organ dysfunctions occurring in morphine abusers or morphine-treated patients. This review attempts to provide insights into the possible relationship between morphine actions and oxidative stress.
INTRODUCTION
Morphine is a natural alkaloid occurring in opium poppy [1] . This opioid drug is frequently used for treatment of severe pain because of its powerful analgesic and sedative effects [2, 3] . Morphine suppresses the affective reaction to pain by inhibiting transmission of pain impulses especially in the spinal cord and through modulation of central pain processing. However, it may cause a host of adverse effects when not prescribed properly. Besides others, administration of high doses of morphine can lead to different respiratory, cardiovascular, gastrointestinal or psychiatric problems [3] [4] [5] [6] [7] .
Morphine exerts its function through opioid receptors that belong to the superfamily of plasma membrane-bound G protein-coupled receptors [8, 9] . However, there is a growing body of evidence that besides activating the relevant receptors and their classical signaling pathways morphine can also elicit oxidative stress under certain conditions. Importantly, oxidative stress seems to play a significant role in the development of different pathological processes [10] [11] [12] [13] . On this basis, it is reasonable to assume that formation of reactive oxygen (ROS) or reactive nitrogen (RNS) species may underlie also some adverse physiological effects of morphine.
MORPHINE IS AN AGONIST OF OPIOID RECEPTORS
The chemical structure of morphine is derived from phenanthrene molecule consisting of five condensed rings (Fig. 1) . The partially hydrogenated phenanthrene core incorporates benzene ring (A-ring) and two partially unsaturated cyclohexane rings (B-and C-rings). It consists of two *Address correspondence to this author at the Department of Physiology, Faculty of Science, Charles, University, 128 44 Prague 2, Czech Republic; Tel: + 420-221951760; Fax: + 420-221951764; E-mail: novotnj99@natur.cuni.cz hydroxyl function groups at positions 3 and 6 (C3 phenolic and C6 alcoholic hydroxyl groups) and amino group at position 17. Its full systematic name is 7,8-didehydro-4,5-epoxy-17-methyl(5 ,6 )-morphinan-3,6-diol [14] [15] [16] .
Morphine acts at the same receptors as endogenous opioids, i.e. the opioid receptors (ORs). According to their pharmacological properties, ORs have been divided into three subtypes: μ, , and [17] . Morphine is an agonist ligand with high affinity for μ-ORs but it is capable of binding to -and -ORs with lower affinities, too (Table 1) . Nevertheless, it is often used as a selective agonist for μ-ORs in pharmacological studies [16] . The models of interaction between morphine and μ-ORs suggest that the amino and phenolic hydroxyl groups as well as A-, C-and D-rings of morphine interact with transmembrane domains III, V, VI and VII of the receptor [18] . After activation by agonists, ORs transfer information to a subset of trimeric G proteins (pertussis toxin sensitive G i/o family), that in turn regulate enzyme activity of adenylyl cyclase (AC) and specific ion channels [19, 20] . More specifically, acute treatment with morphine leads to inhibition of the enzyme activity of AC and reduction of cAMP production. In parallel, the subunits of G i/o proteins through direct interaction with K + channels may cause a partial hyperpolarization of the plasma membrane and thus change the sensitivity of excitable cells to stimulation. These effects are schematically illustrated in (Fig. 2) . It is well known that treatment of cells with agonists usually results in desensitization of the relevant signal transduction pathways. The process of desensitization is characterized by uncoupling of the receptors from their cognate G proteins, which occurs within seconds to minutes. Subsequently, the receptors become internalized. The sequestered receptors can be recycled back to the plasma membrane or degraded by either the lysosomal or the ubiquitin-proteasome pathway [21] [22] [23] . Receptor down-regulation is typically a much slower process that accounts for massive desensitization after prolonged exposure to an agonist [24] .
Interestingly, sustained treatment with morphine may cause quite different effects than those observed after brief administration of the drug. In contrast to most other opioid agonists, morphine produces much weaker desensitization of ORs [25] . A large number of ORs remain at the plasma membrane even after prolonged or repeated treatment with morphine [26, 27] . In this case, desensitization may occur at a post-receptor level [28, 29] . Some investigators observed altered expression of some G protein subunits and/or AC [30] [31] [32] [33] [34] [35] . Moreover, some experiments revealed increased phosphorylation of the subunit of G proteins after chronic morphine exposure [36] . Besides that, these changes are typically accompanied by supersensitization and superinhibition of AC, i.e. by a higher or a lower stimulatibility of the enzyme activity, respectively. Interestingly, different AC isoforms seem to be responsible for this sort of phenomena. Whereas AC type I, V, VI and VIII apparently play a role in super-sensitization, AC type II, IV and VII can be superinhibited [37] [38] [39] [40] [41] . Altered sensitivity of the AC signaling system to stimulation observed after sustained treatment with opioid agonists can underlie the development opioid tolerance and dependence.
FREE RADICALS AND OXIDATIVE STRESS
Oxidative stress is characterized by excessive formation of free radicals or reactive oxygen (ROS) and reactive nitrogen (RNS) species that exceeds the capacity of antioxidant mechanisms to eliminate these radicals. ROS derived from oxygen include radical species such as superoxide (O 2 -) and hydroxyl radical (HO ), along with non-radical species such as hydrogen peroxide (H 2 O 2 ). The most common RNS are nitric oxide (NO · ) and peroxynitrite (ONOO -) [42] . The extent of ROS/RNS generation depends on the speed of cellular metabolism. The higher metabolic rate is usually connected with increased generation of free radicals. Low levels of ROS/RNS produced under normal physiological conditions may function as signals important for cell proliferation and survival [43] . However, excessive amounts of ROS/RNS can cause tissue damage and contribute to the development of different pathologies [44] [45] [46] . Cells possess powerful antioxidant defense systems that maintain redox homeostasis. Among the most important molecules participating in these regulations are enzymes such as superoxide dismutase (SOD), glutathione-peroxidase (GSHPx) and catalase (CAT). Another molecule known to play a crucial role in cell protection against oxidative damage is the tripeptide glutathione (GSH). The oxidizing agents react with the -SH group of cysteine of the glutathione instead of causing damage elsewhere [47] [48] . As outlined above, oxidative stress can arise as a consequence of insufficient ability of cells to cope with and neutralize free radicals that may be produced at inordinately large amounts under certain conditions. There are some indications that, besides many other different agents, opioids can potentially initiate oxidative stress, as well.
OXIDATIVE STRESS AS A POSSIBLE CONSEQUENCE OF MORPHINE TREATMENT
Morphine has received far more attention than other opioids in connection with oxidative stress. In general, there are two conceivable ways how this drug could participate in the development of oxidative stress. It can either promote formation of free radicals or reduce activity of different components of antioxidant systems in target cells. Both these ways of action can be possibly combined. Several studies demonstrated that acute and chronic exposure to morphine may result in a significant decrease in GSH levels in rodent and human brain as well as in mouse liver [49] [50] [51] [52] [53] [54] [55] . It was also shown that chronic morphine treatment affects enzyme activities of SOD, CAT and GSHPx, i.e. the enzymes involved in the endogenous antioxidant defense. Although morphine-dependent rhesus macaques were found to have increased levels of SOD and GSHPx after 20 weeks of morphine treatment [56] , a number of concordant results presented in several other studies indicated that activities of these enzymes are decreased after morphine exposure [50, 52, 54, 55, 57, 58] . Additionally, the impact of chronic morphine treatment on the enzyme activity of CAT seems to be ambiguous [50, 52, 56, 57] . Apparently, many different factors may influence the effect of morphine on antioxidant enzymes. However, the exact role of other factors (e.g., dosage, exposure time and species) in alterations of the enzyme activities induced by morphine treatment has not yet been clearly elucidated.
It is obvious that the activity of antioxidants and antioxidant enzymes is very closely associated with the production of ROS. In contrast to the activity of antioxidant enzymes, results of several studies exploring ROS production after morphine treatment are rather contradictory. ROS production was observed after short-term or long-term treatment even with low doses of morphine in human or mouse vascular endothelial cells [59, 60] . Morphine-induced formation of superoxide was also detected in macrophages [61] . By contrast, short-term or long-term morphine exposure did not lead to changed ROS production in HEK293 cells or rat hippocampus, respectively [58, 62] . Besides that, morphine did not affect formation of superoxide and hydrogen peroxide in the human neuroblastoma SH-SY5Y cell line. Intriguingly, it was able to inhibit ROS production and apoptotic processes induced by antitumor drug doxorubicin in these cells [63] .
An important oxygen species participating in cell processes mediated by morphine is peroxynitrite that is formed from its precursors, superoxide and nitric oxide. It is worth mentioning here that all these molecules are involved in the development of pain, opiate-induced hyperalgesia and opiate antinociceptive tolerance [64] . It has been shown that the development of morphine antinociceptive tolerance is blocked by inhibition of the formation of peroxynitrite precursors [65] . The enzymes participating in the formation of peroxynitrite and its precursors are nitric oxide synthase (NOS), spinal manganese superoxide dismutase (MnSOD) and NADPH oxidase. Whereas activation of NOS leads to NO production, nitration and subsequent inactivation of MnSOD leads to peroxynitrite formation and activation of NADPH-oxidase results in superoxide production [64] . Importantly, inactivation of NOS by inhibitors or inhibition of nitration and inactivation of MnSOD prevented the development of morphine-induced antinociceptive tolerance [65, 66] . Consistently, morphine was not able to induce antinociceptive tolerance in NOS-deficient mice [67] . Morphineelicited activation of NADPH oxidase and production of superoxide, which contribute to macrophage injury, are apparently mediated by activation of μ-ORs and subsequent activation of the phospholipase D pathway and increase in intracellular Ca 2+ concentration [61] . Nevertheless, nitration and inactivation of MnSOD can be inhibited by coadministration of morphine and peroxynitrite scavengers, cationic Mn(III) N-alkylpyridylporphyrins [68, 69] . Hence, these substances may be considered as potent adjuncts to opiates. It is also worth to note that other cell processes such as neuroimmune activation including release of proinflammatory cytokines (tumor necrosis factor , interleukin 1 and interleukin 6) and activation of N-methyl-D-aspartate (NMDA) receptors can contribute to peroxynitrite formation and morphine dependence and tolerance [58, 61, 64, 70, 71] . The detailed molecular mechanisms related to the initiation of oxidative stress by morphine have not yet been described. A simple diagram indicating the putative pathways affected by morphine-stimulated ORs, which can be involved in ROS/RNS production, is shown in (Fig. 3) .
Morphine effects have also been explored in relation with viral infection because of frequent spread of human immunodeficiency virus (HIV) infection in drug-abusing population. It was found that morphine induces the replication of HIV-1 in peripheral blood mononuclear cells and Kupffer cells and acts synergistically with HIV proteins to suppress immune function. In this way, this drug may promote propagation of the disease [72] [73] [74] [75] . Opiate-abusing HIV patients also suffer from neuroAIDS characterized by damage and inflammation in the nervous system, sensory neuropathies, myelopathies, behavioral/cognitive perturbations and dementia. NeuroAIDS also includes infiltration of macrophages into CNS and formation of microglial nodules and multinucleated giant cells [74, 75] . It seems that these changes in nervous system may ensue as a direct consequence of macrophage/microglial activation and subsequent production of ROS and release of pro-inflammatory cytokines [74, 75] . Measurement of ROS (hydrogen peroxide, Fig. (3) . The relationship between morphine and free radical generation. A diagram schematically depicts putative pathways whereby morphine-activated opioid receptors may induce oxidative stress in target cells.
superoxide and peroxynitrite) generation revealed that combined HIV-Tat and morphine action raised oxidative stress in cultured microglia [74] . Increased ROS production resulted in protein oxidation. The role of morphine in the development of oxidative stress under these conditions was corroborated by experiments with the opioid antagonist naloxone, which inhibited morphine-induced formation of ROS [74] . Yet another study showed that the levels of intracellular GSH and activity of SOD, CAT and GSHPx were decreased in morphine-dependent rhesus macaques infected by simian human immunodeficiency virus (SHIV) as compared with non-infected morphine-dependent monkeys [56] . There are some recent indications that HIV-1 strain-specific differences in gp120 are critical determinants in shaping both the timing and pattern of neurotoxic interactions with opioid drugs and the possible ROS production [76] .
Current proteomic-based techniques allow determining the possible changes in expression levels of many proteins in parallel. Besides others, some authors used two-dimensional differential gel electrophoresis to assess the levels of SOD in the brain of rats or rhesus monkeys affected by morphine. While the amount of MnSOD (SOD2) was decreased in the brain of rats decapitated three days after a single dose of morphine [77, 78] , the levels of [Cu-Zn]SOD (SOD1) and glutathione S-transferase P were increased in the nucleus accumbens of the brain of rhesus macaques treated for 90 days with increasing drug doses [79] . Besides that, administration of morphine to rhesus monkeys resulted in concomitant decrease in the expression of peroxiredoxin 2 [79] . Interestingly, application of the quantitative iTRAQ technique for proteomic analysis of the rat heart after prolonged morphine exposure did not reveal any significant alterations in the levels of several proteins involved in the control of redox state (SOD1, SOD2, GSHPx, GSHPx 4 isoform A precursor, peroxiredoxin 2, peroxiredoxin 3, peroxiredoxin 5, peroxiredoxin 6, CAT and others) [80] . These data support the view that morphine may exert rather different effects in different situations.
It is evident that morphine-induced ROS formation and decrease in the activity of antioxidant enzymes, which was observed under various experimental conditions, can lead to oxidative damage of different types of biomolecules, including DNA, lipids and proteins [50, 53] . In order to reverse the deleterious morphine effects on the endogenous antioxidant defense system, researchers aimed to find substances capable of moderating the drug-induced oxidative stress. Among the most effective substances with the ability to normalize morphine-induced depletion of GSH, alterations in enzyme activities of SOD, CAT and GSHPx or decrease in cell viability, are organic acid taurine (present in the mammalian brain), opioid antagonist naltrexone, exogenous antioxidant N-acetylcysteine, triterpenoid bacoside-A from the plant Bacopa monniera and oil from Nigella sativa seeds [52, 54, 55, 57] . All these substances may serve as a potential means of attenuating oxidative stress.
CONCLUDING REMARKS
As shown in this short review, apart from analgesia, morphine can also produce some undesirable side effects. This is especially true for long-term or uncontrolled use of the drug, which can be accompanied by different health problems and pathologies. Morphine has been shown to cause oxidative stress under certain conditions by increasing formation of different kinds of free radicals. The imbalance of antioxidant levels and suppression of antioxidant enzymes can lead to oxidative damage in various tissues. Lipid peroxidation, DNA damage, protein oxidation and induction of apoptosis are typical harmful events associated with this deleterious process. The impact of morphine on cellular redox balance may differ according to concrete conditions and it depends on multiple factors, such as species, age and sex of an organism, tissue type and organ, dosage and length of usage, and simultaneous administration of other drugs. Increased generation of cellular ROS can also contribute to HIV replication and progress of neuroAIDS by immune suppression in morphine-treated experimental models. Overall, oxidative stress must be taken into account when considering the possible impacts of morphine treatment which may have serious pathological consequences. Because the molecular details of how morphine may initiate increased ROS/RNS production are still not well understood, future studies should focus on unraveling these mechanisms.
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